Introduction
============

Polymeric micro-/nanoparticles have been widely used for therapeutic applications such as delivery of drugs/genes/vaccines, imaging, and medical diagnostics.[@b1-ijn-7-5129]--[@b6-ijn-7-5129] The properties that govern their efficacy in these applications include bulk properties (composition and degradation rate), surface properties (surface chemistry, charge, and hydrophobicity), size, and morphology.[@b7-ijn-7-5129] It has been demonstrated that the morphology of micro-/nanoparticles can influence biodistribution, cellular uptake, cell internalization pathway, and drug release profile.[@b8-ijn-7-5129]--[@b12-ijn-7-5129] Similarly, surface charge and surface hydrophobicity have been shown to influence the stability of micro-/nanoparticle suspensions, in vivo blood circulation time, biodistribution, protein adsorption, cellular uptake, and immune response.[@b13-ijn-7-5129]--[@b16-ijn-7-5129] However, the influence of morphology and surface properties has not been well understood due to the limited ability of existing micro-/nanoparticle preparation techniques to modulate these properties. For example, micro-/nanoparticle preparation techniques like emulsion solvent evaporation, nanoprecipitation, suspension polymerization, and spray drying usually lead to the generation of particles with spherical morphology with minimal control on modifying surface properties. In order to provide deeper insight into the influence of surface properties and morphology of micro-/nanoparticles on the aforementioned aspects, it is essential to have the ability to precisely modulate these properties. In this report, we propose a new electrospray-based strategy that is capable of simultaneously modulating the morphology and surface properties of polymeric microparticles in a single step.

Electrospraying has been established as a simple and efficient technique that makes use of high electric potential to facilitate atomization of solutions to form dried solid micro-/nanoparticles.[@b17-ijn-7-5129]--[@b19-ijn-7-5129] Poly(lactide-*co*-glycolide) (PLGA), polyhydroxybutyrate (PHB), poly(lactic acid) (PLA), and polycaprolactone (PCL) are examples of polymers that have been electrosprayed into micro-/nanoparticles for drug delivery applications.[@b20-ijn-7-5129]--[@b23-ijn-7-5129] While these polymers are biocompatible and biodegradable, their hydrophobicity can lead to the formation of unstable suspensions.[@b24-ijn-7-5129] More specifically, in aqueous dispersions, strong hydrophobic-hydrophobic interactions lead to insufficient wetting and, as a consequence, agglomeration of hydrophobic particles. The agglomeration in turn can compromise utility as it can adversely affect degradation kinetics and cellular uptake. Hence, imparting surface hydrophilicity to hydrophobic particles can help in overcoming the aforementioned limitations.

Recently, surface hydrophilization of electrospun hydrophobic PLGA fibers has been reported via blending with hydrophilic polymer-Pluronic^®^ (a diblock co-polymer with a central hydrophobic propylene oxide \[PO\] unit flanked by hydrophilic ethylene oxide \[EO\] units).[@b25-ijn-7-5129] Pluronics^®^ tend to come to the surface when blended with hydrophobic polymer such as PLGA and impart colloidal stability to particles.[@b25-ijn-7-5129],[@b26-ijn-7-5129] Additionally, Pluronics^®^ are known to act as biological response modifiers that can be advantageous in drug delivery applications and are available in varying hydrophilic--lipophilic balances (HLB) as a consequence of variation in lengths of EO and PO chains.[@b27-ijn-7-5129]--[@b29-ijn-7-5129] Hence, in this report, blending of hydrophobic PLGA 85:15 with a versatile class of polymer-Pluronic^®^ was used as the strategy for surface modification of electrosprayed PLGA microparticles.

Materials and methods
=====================

Materials
---------

Pluronic^®^ F127 (EO-200 units, PO-65 units, HLB-22), Pluronic^®^ P123 (EO-39 units, PO-69 units, HLB-8) and Pluronic^®^ L121 (EO-10 units, PO-68 units, HLB-1), referred to as F127, P123, and L121 respectively, and PLGA 85:15 (Mw- 50,000--75,000) were procured from Sigma Aldrich (St Louis, MO). Tetrahydrofuran (THF) and dimethylformamide (DMF) (HPLC grade) were procured from Merck (India) Ltd.

Particle preparation
--------------------

### Electrospraying

Polymer solution (6% PLGA in THF: DMF-1:3) contained in a syringe was allowed to flow through a needle (26 gauge) at a fixed flow rate of 0.15 mL/h with the help of a syringe pump. A positive potential of 20 kV was applied at the tip of the needle using a high-voltage power supply (Glassman High Voltage Inc, High Bridge, NJ), and a grounded copper plate covered with an aluminum foil placed at a distance of 15 cm served as the collector. The microparticles deposited on the aluminum foil were then subjected to vacuum desiccation for 24 hours to facilitate removal of residual solvent. For blends, each of F127, P123, and L121 (5% w/w of polymer or 0.3% w/v) was added to 6% PLGA in THF:DMF (1:3) to prepare three separate solutions that were electrosprayed with fabrication parameters remaining unchanged. For the preparation of aqueous dispersions 5 mL of 1 mg/mL of microparticles in a glass vial were sonicated over an ice-bath at an amplitude of 10 for 2 cycles (ON for 10 seconds and OFF for 3 seconds).

Particle characterizations
--------------------------

### Morphology and size

Scanning electron microscopy (SEM) (Quanta 200; FEI, Hillsboro, OR) was used to analyze the morphology and size of microparticles. Average microparticle size was quantified using Image J (National Institutes of Health, Bethesda, MD) software wherein diameters of a minimum of 250 microparticles from 5 different SEM images were estimated to arrive at mean values.

### Surface charge

Surface charge was quantified as zeta potential using a Zetasizer (NANO-ZS, ZEN3600; Malvern Instruments, Malvern, UK).

### Surface hydrophobicity

Rose Bengal, a hydrophobic dye, was adsorbed onto the surface of the microparticles and the partitioning of the dye provided a measure of the hydrophobicity of the microparticles.[@b30-ijn-7-5129] 1 mg, 2 mg, 3 mg, and 4 mg of microparticles were separately added to 1 mL of Rose Bengal solution in phosphate-buffered saline (pH 7.0, 10 μg/mL) and were incubated along with a control solution (without microparticles) in an incubator shaker at 37°C and 110 rpm. After 24 hours, the solutions were centrifuged at 12,000 rpm for 10 minutes. The absorbance of the supernatant was measured at 540 nm using a Spectronic Helios Alpha UV-Visible Spectrophotometer (Thermo Electron Corporation, Madison, WI). Partition coefficient (PQ) was calculated using [Equation 1](#FD1){ref-type="disp-formula"}. $$\text{PQ} = \frac{\text{Absorbance}\,\text{of}\,\text{blank}\, - \,\text{Absorbance}\,\text{of}\,\text{supernatant}}{\text{Absorbance}\,\text{of}\,\text{blank}}$$

Relative hydrophobicity of the microparticles was quantified as the slopes of straight lines obtained by plotting PQ against the weight of the microparticles.

Surface chemistry
=================

X-ray photoelectron spectroscopy (XPS) was performed to analyze the surface chemistry (qualitative and quantitative) of the microparticles using a PHI Quantera (Physical Electrons, Chanhassen, MN) with a monochromated Al-Kα X-ray source. PHI Multipak software (Physical Electrons) was used for data analysis.

Statistical analysis
--------------------

Results were presented as mean ± standard deviation and R^2^ values were determined using linear regression. Statistical analysis was performed using analysis of covariance (ANCOVA) to test for difference between the slopes of lines and values of *P* \< 0.05 were considered to be statistically significant. All analyses were performed using GraphPad Prism software (GraphPad Software, Inc, La Jolla, CA).

Results and discussion
======================

Influence of Pluronics^®^ on morphology and dispersibility of microparticles
----------------------------------------------------------------------------

Electrospraying of 6% PLGA 85:15 in THF:DMF (1:3) led to formation of doughnut-shaped microparticles as shown in [Figure 1A](#f1-ijn-7-5129){ref-type="fig"}. When low concentrations of Pluronic^®^ (5% w/w of polymer) were added to the PLGA solution, interestingly, the morphology of the microparticles was altered from doughnut to smooth, spherical shape. This effect was observed for all three types of Pluronics^®^ (F127, P123, and L121) ([Figure 1B--D](#f1-ijn-7-5129){ref-type="fig"}). The alteration in morphology from doughnut-like to smooth, spherical-shaped microparticles can be attributed to a homogeneous redistribution of polymer chains in the presence of Pluronics^®^ that are amphiphilic polymeric surfactants. During electrospraying, the wet droplet ejects from the needle tip and undergoes evaporation; this homogeneous redistribution of polymer chains is speculated to cause the change to spherical morphology. It has also been reported that lowering of the Peclet number (which is inversely proportional to diffusivity) of the solution leads to the generation of smooth, spherical microparticles.[@b20-ijn-7-5129] Pluronics^®^, due to their lower molecular weight and surfactant properties, impart relatively higher molecular diffusivities that facilitate the lowering of the Peclet number of the solutions, which probably leads to the generation of smooth, spherical microparticles.

The hydrophobicity imparted by PLGA to the doughnut-shaped microparticles lead to their agglomeration when dispersed in water. As is evident from [Figure 1E](#f1-ijn-7-5129){ref-type="fig"}, PLGA microparticles did not submerge into water because of insufficient wetting, and showed marginal dispersion ([Figure 1F](#f1-ijn-7-5129){ref-type="fig"}) when subjected to high-energy sonication. On the other hand, Pluronic^®^-blended microparticles effortlessly submerged in water ([Figure 1E](#f1-ijn-7-5129){ref-type="fig"}) and, upon sonication, dispersed to form a milky white colloidal suspension ([Figure 1F](#f1-ijn-7-5129){ref-type="fig"}).

These results provide evidence that the blending of PLGA with low concentrations of Pluronic^®^ (F127, P123, or L121) is advantageous as it leads to homogenous, smooth, spherical morphology of microparticles and facilitates the dispersion of microparticles in water.

Influence of Pluronics^®^ on surface properties of microparticles
-----------------------------------------------------------------

Uniform dispersion of PLGA-Pluronic^®^ microparticles in water indicated that surface properties have probably been altered as a result of blending. Hence, surface characterization (including measurement of surface charge, surface hydrophobicity, and surface chemistry of blended microparticles) was performed to understand the effect of blending on surface hydrophilization. Since pure PLGA microparticles agglomerated on the surface of water, accurate quantification of surface properties (charge and hydrophobicity) of pure PLGA microparticles was not practicable.

Surface charge and surface hydrophobicity
-----------------------------------------

The average microparticle size was estimated to be 1.61 μm, 1.52 μm, and 1.40 μm for PLGA-F127, PLGA-P123, and PLGA-L121 respectively, although the differences were statistically insignificant (*P* \> 0.05). The surface charge of a microparticle is an important characteristic as it provides a measure for the particle's suspension stability. The higher the charge (positive or negative) on the particle, the greater the electrostatic repulsion and as a consequence the particle suspension is more stable. From zeta potential measurements it was observed that with an increase in HLB value of the Pluronic^®^ (L121 \< P123 \< F127) there was a corresponding increase in zeta potential value (negative). The Pluronic^®^ with the highest HLB value (F127) possessed a relatively longer EO chain length (200 units) and hence had a higher affinity for water[@b31-ijn-7-5129] as compared to the Pluronic^®^ with the next highest HLB value (P123, EO = 39 units), which in turn had a higher affinity for water as compared to the Pluronic^®^ with the lowest HLB value (L121, EO = 10 units). The increased association of water (negatively charged hydroxyl groups) with the increase in HLB value resulted in the observed increase in the zeta potential value (negative). A similar trend was observed for surface hydrophobicity, wherein microparticles blended with Pluronic^®^ F127 (HLB-22) showed a lesser adsorption of hydrophobic dye (Rose Bengal) due to a strong interaction with water molecules than Pluronic^®^ L121 (HLB-1) blended microparticles that showed the highest adsorption of dye due to their relatively lesser interaction with water. As is evident from [Figure 2](#f2-ijn-7-5129){ref-type="fig"}, the increase in HLB value of blended Pluronic^®^ (F127 \> P123 \> L121) led to a decrease in the amount of dye adsorbed which in turn was indicative of a decrease in surface hydrophobicity. The slopes of the linear trend lines (F127 = 0.10, P123 = 0.14, L121 = 0.20), which is an indirect measure of the surface hydrophobicity of microparticles, were calculated from [Figure 2](#f2-ijn-7-5129){ref-type="fig"}. The results demonstrated that the strategy of blending Pluronics^®^ of varying HLB values allowed for a systematic modulation of surface hydrophobicity as well as surface charge of the electrosprayed microparticles.

Surface chemistry
-----------------

XPS analysis was performed to confirm the presence and amount of Pluronic^®^ on the surface of the blended microparticles.

The analysis of XPS C-1s spectra revealed the presence of carbon signals due to four characteristic components present in the blends -- C--C, C--O, C--C--O, and O═C--O with peaks at binding energy values of 248.2 eV, 286.2 eV, 287.2 eV, and 288.9 eV, respectively ([Figure 3A and B](#f3-ijn-7-5129){ref-type="fig"}). The presence of Pluronic^®^ on the surface of the microparticles was confirmed by the (2)C--O peak at 286.2 eV that is specific to Pluronic^®^ and has been reported to be absent in the case of pure PLGA samples.[@b25-ijn-7-5129] In order to quantify the amount of Pluronic^®^ present on microparticle surfaces, the intensities of the peaks (values of the atomic percentage composition) of all four components were estimated and the amount of Pluronic^®^ present on the surface was determined using a previously reported method ([Equations S1](#FD2){ref-type="disp-formula"} and [S2](#FD3){ref-type="disp-formula"} in [Supplementary materials](#SD1){ref-type="supplementary-material"}).[@b32-ijn-7-5129]

The concentration of Pluronic^®^ was 5% w/w of PLGA and thus the amount of Pluronic^®^ present in the total polymer (Pluronic^®^ + PLGA) was 4.76% w/w (bulk concentration). As is evident from [Table 1](#t1-ijn-7-5129){ref-type="table"}, the percent mass ratio (MsR) of Pluronic^®^ (concentration on surface) was approximately 32% (32.8% for F127, 32.5% for P123, and 33.0% for L121). The degree of accumulation (A~s~) of Pluronic^®^ on the surface, expressed as the ratio of MsR to bulk concentration, was estimated to be ∼6.5 (6.56, 6.50, and 6.60 for F127, P123, and L121, respectively) which confirmed a high A~s~ of Pluronic^®^ on surface of PLGA microparticles.

It was interesting to note that, for the concentrations of Pluronic^®^ that were studied, the values of % MsR and A~s~ were similar, indicating that the A~s~ of Pluronic^®^ on the surface is independent of the type of Pluronic^®^ used. Thus, the XPS data revealed that Pluronic^®^ is preferentially present on the surface and the A~s~ is similar irrespective of the type of Pluronic^®^ used. Since A~s~ was similar, the observed differences in hydrophobicity and zeta potential can be attributed to variation in EO chain length (since PO chain length was approximately constant) as shown in [Figure 3C](#f3-ijn-7-5129){ref-type="fig"}. Further, the dispersion stability observed in Pluronic^®^-blended microparticles can now be explained by the inherent nature of Pluronic^®^ present on the surface to cause electrostatic and steric repulsion.[@b33-ijn-7-5129]

Conclusion
==========

This study explored the electrospraying of blends of Pluronic^®^ with PLGA for modulation of the morphology and surface properties of PLGA microparticles. The results from the morphology studies demonstrated that the incorporation of Pluronic^®^ (a polymeric surfactant) led to a drastic change in morphology from doughnut-shaped microparticles for pure PLGA to smooth, spherical microparticles for blended PLGA irrespective of the type of Pluronic^®^ used in the blend. Studies on surface hydrophobicity and surface charge revealed that these surface properties could be systematically modulated by varying the type of Pluronic^®^ used. Therefore, the electrospraying of blends of Pluronic^®^ with PLGA can be a relatively simple, one-step method for modulating morphology and surface properties of PLGA microparticles. Moreover, the work presented exemplifies the versatility of the electrospraying process as it can be used for both modulating morphology and surface properties of microparticles.

Although this study was performed using high-, intermediate-, and low-HLB value Pluronics^®^, the availability of a wide range of Pluronics^®^ allows for the possibility of precise control of the surface properties of electrosprayed particles. Similarly, the strategy of blending Pluronic^®^ with hydrophobic polymers for the modulation of surface properties was demonstrated using the PLGA system; it is speculated that the strategy could be extrapolated to other hydrophobic polymers as well.

Finally, since surface properties such as charge and hydrophobicity of microparticles have direct implications on protein adsorption and downstream cell interaction, it is expected that this study will pave the way for enabling improved cell interaction, including internalization.

Supplementary material
======================

The concentration of Pluronic^®^ was expressed as a ratio of %(2) C--O specific to Pluronic^®^ to %(4)O═C--O specific to poly(lactide-*co*-glycolide) (PLGA). A monomer of Pluronic^®^ contains two ether carbons contributing to peak (2)C--O, hence the intensity values were multiplied by 0.5 to arrive at actual Pluronic^®^ content, $$\text{Monomer}\,\text{ratio}\,\text{MnR} = \frac{0.5 \times \%(2)\text{C}–\text{O}}{0.5 \times \%(2)\text{C}–\text{O} + \%(3)\text{O}═\text{C}–\text{O}}$$where, %(2)C--O is the atomic % of C--O at 286.2 eV due to Pluronic^®^ and %(3)O&═ C--O is the atomic % of O═ C--O at 288.9 eV due to PLGA.

Monomer ratio (MnR) can be expressed as mass ratio (MsR) by using [Equation S2](#FD3){ref-type="disp-formula"}, $$\%\,\text{mass}\,\text{ratio}\,\text{MsR} = \frac{0.5 \times \%(2)\text{C}–\text{O} \times \text{Xi}}{0.5\%(2)\text{C}–\text{O} \times \text{Xi} + \%(3)\text{O}═\text{C}–\text{O} \times \text{Y}}$$where, Y = molecular weight of PLGA 85:15 and Xi = molecular weight of Pluronic^®^ from [Table S1](#SD1){ref-type="supplementary-material"}.

###### 

Molecular weight of monomers for PLGA and Pluronic^®^

  **Polymer**                                      **Monomer molecular weight (Mo)**
  ------------------------------------------------ -----------------------------------
  PLA                                              72
  PLGA 85:15 (Y)                                   69.9
  PGA                                              58
  PEO                                              44
  PPO                                              58
  Pluronic^®^-F127 (%EO 75.51 + % PO 24.49) (X1)   47.42
  Pluronic^®^-P123 (%EO 36.23 + % PO 63.77) (X2)   52.93
  Pluronic^®^-L121 (%EO 12.82 + % PO 87.18) (X3)   56.20

**Notes:** Y, X1, X2, and X3 were as used in [Equations S1](#FD2){ref-type="disp-formula"} and [S2](#FD3){ref-type="disp-formula"}.

**Abbreviations:** Mo, molecular weight; PEO, poly(ethylene oxide); PGA, polyglycolic acid; PLA, polylactic acid; PLGA, poly(lactide-*co*-glycolide); PPO, poly(propylene oxide).
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![Scanning electron micrographs of electrosprayed microparticles (**A**--**D**), and digital images of PLGA, PLGA-F127, PLGA-P123, and PLGA-L121 microparticles dispersions in water (**E**--**F**). (**A**) PLGA microparticles. (**B**) PLGA-Pluronic^®^ F127 microparticles. (**C**) PLGA-Pluronic^®^ P123 microparticles. (**D**) PLGA-Pluronic^®^ L121 microparticles. Low magnification images: scale bar 10 μm; insets (top right) are high magnification images: scale bar 1 μm; insets (bottom right) S and ZP represented as mean ± standard deviation in μm and mV, respectively. (**E**) Before sonication. (**F**) After sonication.\
**Abbreviations:** PLGA, poly(lactide-*co*-glycolide); S, size; ZP, zeta potential.](ijn-7-5129f1){#f1-ijn-7-5129}

![Plot of partition coefficient (determined by Rose Bengal assay) against weight of microparticles.\
**Notes:** Green: PLGA-F127 (R^2^ = 0.99, *P* value = 0.0018); blue: PLGA-P123 (R^2^ = 0.97, *P* value = 0.0136); and red: PLGA-L121 (R^2^ = 0.99, *P* value = 0.0029) with corresponding linear trend lines (black dotted lines) for slope determination. For values of *P* \< 0.05, the difference is statistically significant.\
**Abbreviations:** PLGA, poly(lactide-*co*-glycolide); R^2^, Pearson's correlation coefficient.](ijn-7-5129f2){#f2-ijn-7-5129}

![XPS analysis of surface chemistry. (**A**) Chemical structure of PLGA and Pluronic^®^ representing its monomer units. (**B**) Deconvoluted C-1s XPS spectra (binding energy versus intensity) of microparticles fabricated from PLGA-F127, PLGA-P123 and PLGA-L121. (**C**) Graphic representing differences in EO chains lengths of Pluronic^®^ F127, Pluronic^®^ P123, and Pluronic^®^ L121 on the surface of electrosprayed PLGA-Pluronic^®^ microparticles.\
**Abbreviations:** EO, ethylene oxide; PEO, poly(ethylene oxide); PLGA, poly(lactide-*co*-glycolide); PPO, poly(propylene oxide); XPS, X-ray photoelectron spectroscopy.](ijn-7-5129f3){#f3-ijn-7-5129}

###### 

Concentration in atomic percentage of various components of C-1s on surface of PLGA-Pluronic^®^ microparticles derived from XPS spectra along with values of monomer ratio, mass ratio, and A~s~

  **Particle type**   **Concentration in atomic percentage of C-1s species**                                         
  ------------------- -------------------------------------------------------- ------- ------ ------- ------ ------- ------
  PLGA-F127           56.99                                                    20.33   8.56   14.11   0.42   32.80   6.56
  PLGA-P123           56.78                                                    19.00   8.39   15.83   0.37   32.50   6.50
  PLGA-L121           54.55                                                    20.68   8.88   15.88   0.39   33.00   6.60

**Abbreviations:** As, degree of accumulation; MnR, monomer ratio; MsR, mass ratio; PLGA, poly(lactide-*co*-glycolide); XPS, X-ray photoelectron spectroscopy.
